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Abstract 

We studied the contact coupling effect on the asymmetric electron transport in 

molecular junctions by the first-principles density functional theory incorporating 

with the non-equilibrium Green’s function method. To realize the decoupling, a rigid 

saturated ring is inserted into the metallic electrode and conjugated molecular bridge 

(linear oligo phenylene ethynylene and cyclic porphine). As a tunneling barrier, the 

saturated ring reduces the conductance by 2–3 orders of magnitude. However, the 

electronic decoupling greatly improves the asymmetric electron transport. In the case 

of the linear system, the favorite direction of electron transport is from the strong 

coupling end to the weak coupling one with a rectification ratio of 5 at 2.0 V. 

In addition, the rectification performance is sensitive to the molecular proportion of 

the molecular wire length and the tunneling barrier width. When the same barrier is 

applied, shortening the length of conjugated part can reduce rectification performance. 

The mechanism of rectification is analyzed by means of the potential drop, the spatial 

distribution of the molecular orbitals and the transmission spectra. 
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1. Introduction 

 

Since Aviram and Ratner
1
 proposed that an organic molecule could function 

as a molecular diode, the idea of using organic molecules as functional units in 

electronic devices has received great attention. In recent decades, tremendous 

theoretical and experimental efforts were focused on the Aviram–Ratner (A–R) type 

of molecular rectifier.
2–5

 One way to construct A–R rectifiers is to introduce 

asymmetric side substitutions on the electron transport pathway, in which the 

electron-donating and withdrawing groups serve as the n-doping and p-doping, 

respectively.
6
 However, due to the strong coupling via the p-linkage, the side-

substitution is hard to provide high rectification performance.
6,7

 Many theoretical 

investigations6,8 and experimental measurement results
9–11

 also demonstrated that the 

asymmetric junction cannot always cause the rectification. Therefore, the remaining 

challenge is to clarify when the rectification can appear for the asymmetric molecular 

junction and how significant the rectification is. 

In the molecular devices, many factors affect the electron transport: namely, 

the electrode material,
10

 interface,
12–14

 anchoring groups,
15–17

 end connecting 

position,
18–20

 molecular bridge,
10,21,22

 electron transport pathway,
23,24

 and 

environment.
8,25,26

 Among them, the electronic coupling between the conjugated 

molecular wire and metallic electrode also plays an important role in the electron 

transport. Therefore, controlling the interfacial electronic coupling is an effective 

approach to the molecular rectification. By changing the electrode geometry and 

contact area, Basch et al.
27

 modulated the interfacial coupling and found that 

variations in molecular conductance are of the order 0–300%. Using different 

anchoring groups,
 28

 asymmetric contact was established and the studies of electron 

transport evidenced the rectification of the molecular junction. Recently, Taylor et 

al.
29

 theoretically demonstrated that the asymmetric molecule– electrode coupling, i.e. 

chemisorption at one end of the junction and physisorption at the other, can improve 

the rectification performance of the molecular junction. 

Although the physical contact can much reduce the coupling between the 

conjugated molecular bridge and the metal electrode, it cannot provide a perfect 

alignment of molecular level to the electrode Fermi level. This may result in other 

electron transport mechanisms involved in the molecular junction. To overcome this 

drawback, in this paper we propose to use a controllable tunneling barrier that can be 

covalently bonded to the molecular bridge and the electrode. This configuration 

allows a better coupling at the interface, but also induces decoupling at one molecular 

end. We used first-principles density functional theory (DFT) and the non-equilibrium 

Green’s function (NEGF) formalism
30

 to study the effect of tunneling barrier in the 

linear and cyclic molecules coupled to the metallic electrodes. The molecular 

structures of all models are shown in Scheme 1. The linear molecules are oligo 

(phenylene ethynylene) (OPE), 
31

 forming a long rigid molecule with π-conjugated 

and delocalized frontier orbitals. The cyclic system consisting of porphine has a low 

molecular proportion. Here, we defined the molecular proportion (R) as the ratio of 

the length of the conjugated wire (Lc) to the saturated ring (Ls), i.e. R = Lc/Ls, which is 

6.4 and 2.9 for the linear and cyclic systems, respectively. The rectification was 

realized by tuning the degree of the molecule–electrode decoupling and the molecular 

proportion. 

 



2. Methodology 

In order to reveal the influence of the barrier to the electron transport, we 

investigated two systems, i.e. the linear and cyclic systems with different molecular 

proportion. For all the models, the thiol groups at two ends of the molecules are 

bonded to the Au electrodes, which provide efficient electronic coupling at interfaces. 

In the case of linear system, the first model is symmetric OPE. While in the second 

model OPE–Oc, one end of the molecule is terminated by saturated bridge 

(bicyclo[2.2.2]octane). For the cyclic systems, we compared three types of 

connections to the electrode. The first model is porphine (Por) with symmetric contact. 

The second is benzene connected porphine (Por–Ph) with a twisting angle, in which 

the electronic coupling is reduced by the twisted benzene ring. The third is 

bicyclo[2.2.2]octane connected porphine (Por–Oc), in which the a-bridge at one side 

greatly reduces the coupling. 

The DFT and NEGF approach is utilized to describe the behavior of molecular 

junctions under nonequilibrium conditions. We used the Atomistix Toolkit
32

 program 

to simulate the electron transport properties of two-probe systems. A molecule is 

embedded in a unit cell of Au(111) surfaces. In the model for the electron transport 

calculation, the molecular junction is divided into three regions: left electrode, 

scattering region, and right electrode. The semi-infinite electrodes are calculated 

separately to obtain the bulk self-energy. The scattering region contains parts of the 

electrodes to include the screening effects in the calculations, 18 Au atoms of the left 

(two 3 x 3 layers of Au surfaces) and 27 of the right electrode (three 3 x 3 layers of 

Au surfaces). This is the unit cell, where the difference in the number of atoms of 

electrode is necessary to maintain the periodicity of the system.
33

 

The geometries of the molecules were firstly optimized at the B3LYP/6-31G* 

theoretical level by the Gaussian 03 software,
34

 as described in detail in our previous 

papers.
7,23,24

 Then, the model molecules lost hydrogen atoms and were perpendicular 

to the Au surface. The sulfur atoms were placed above a threefold hollow site of the 

Au plane at a distance of 2.0 Å.
35

 All the atoms in the molecules were relaxed while 

the electrodes were fixed at their bulk positions until the force on each atom was less 

than 0.05 eV Å
-1

. We used a double-ζ plus the polarization basis set for the organic 

molecules, and a single-ζ plus the polarization basis set for the gold electrodes with 

local density approximation (LDA). After the geometric optimization by Atomistix 

Toolkit,
32

 a bias was applied between the two electrodes and the current was 

generated using the NEGF formalism. 

 

3. Results and discussion 

3.1 The decoupling effect in the linear system 

The spatial distribution of frontier orbital is a static feature of the molecule, 

which describes the mobility of the π-electron in the conjugated molecule. It is a 

three-dimensional representation of the local density of states and visually gives the 

electron density of the molecules. Fig. 1 shows the HOMO (the highest occupied 

molecular orbital) and LUMO (the lowest unoccupied molecular orbital) of linear 

system as well as the projected density of states (PDOS) at zero bias. The left panel of 

Fig. 1a plots the PDOS of OPE. Two peaks are observed at 0.5 eV below and 1.6 eV 

above Fermi level EF = 0, originating from the HOMO and the LUMO, respectively. 



From the right panel, we can observe that both the HOMO and the LUMO are fully 

delocalized across the OPE molecule. In contrast, for the OPE–Oc shown in Fig. 1b, 

high orbital density on the left sulfur atom allows a better coupling of the molecule to 

the left electrode. However, the saturated bridge blocks the coupling between 

molecule and right electrode. The decoupling of molecule may impose an internal 

barrier to electron transport through the molecule, which will significantly affect the 

transport behavior. Additionally, from the PDOS in Fig. 1b, the saturated ring of 

OPE–Oc not only sharpens the intensity of the HOMO resonance wave but also shifts 

down the HOMO resonance in energy (by 0.5 eV) compared with OPE. Therefore, a 

sharp peak in PDOS at -1.0 eV corresponds to the localized HOMO of OPE–Oc. 

Based on the qualitative analysis of the spatial distribution, we further 

performed the natural bond orbital (NBO) analysis of OPE–Oc at the B3LYP level of 

theory (with 6-31G* basis set for molecule and LanL2DZ basis set for Au). Fig. 2a 

shows the potential drop of the OPE–Oc embedded in Au electrodes at 1.5 V. Since 

the conjugated π-segment of OPE–Oc is linked to the left electrode and the saturated 

ring to the right side, the potential drop is highly non-uniform due to the different 

degree of electronic coupling. A covalent σ-segment is much more localized than a 

conjugated π-segment as mentioned above. Therefore, the conjugated OPE part 

reduces the potential whereas the saturated ring slightly modifies the potential. The 

potential along the saturated ring drops rapidly than that along the conjugated 

molecular backbone. A nonlinear potential drop induced by an intrinsic asymmetry in 

the molecule may cause rectification. 

To analyze the potential drop across the molecular junction, we gave the 

relative electric charge (with respect to zero bias) of isolated OPE–Oc and Au–OPE–

Oc–Au. We divided the molecule OPE–Oc into 8 parts by dotted lines as shown in 

Fig. 2a. From the relative electric charge in Fig. 2b and c, it can be seen that the 

conjugated phenyl rings are easily polarized by the external electric field, especially 

part 6 (the phenyl ring near the saturated ring). The relative charge of part 6 at 1.5 V 

reaches 0.010 and 0.015 e for isolated OPE–Oc and Au–OPE–Oc–Au, respectively. In 

contrast to the conjugated part, the electric charge of the saturated ring only changes 

slightly, regardless of the electrodes, which is consistent with the non-uniform 

potential drop. In addition, the B3LYP method suffers from the self-interaction and 

usually overestimates the molecular polarizability.
36,37

 To correct this error, Baer et al. 

developed approaches to DFT with correct long-range behavior.
38,39

 In order to 

evaluate the effect of the self-interaction on the present system, we have performed 

the charge distribution analysis for the OPE–Oc by other methods, i.e. the B3PW91, 

X3LYP and HF methods (see ESI). In spite of various methods used, the relative 

charge distribution along the molecular axis is essentially identical. Therefore, we can 

conclude that the results obtained by B3LYP for these systems are reliable. 

Now, we focus on the decoupling effect directly by comparison of the current–

voltage (I–V) curves as shown in Fig. 3a for the linear system. It is clearly seen that 

the OPE conducts better than OPE–Oc. Since strong electronic coupling at two ends is 

generally expected to give larger delocalization of the π orbitals on the molecules. The 

conductance of OPE at zero bias is 3.4 µS, which is near 3 orders of magnitude 

greater than that of OPE–Oc (0.005 μS). Furthermore, the I–V curve of OPE is 

symmetric due to the molecular structure and molecule–electrode interface. However, 

in the case of model OPE–Oc (the inset of Fig. 3a), the negative current increases 

more dramatically than the positive one as the bias is over 1.2 V. Then the OPE–Oc 

shows pronounced rectification behavior. Although there is no any asymmetric 

substitution, obvious asymmetric electron transport behavior has been observed in the 



specific system. 

To clearly explore the asymmetric electron transport of OPE–Oc induced by 

the tunneling barrier, we plotted the rectification ratio as a function of the applied bias 

(Fig. 3b), where the rectification ratio (RR) is defined as the absolute current value at 

negative bias over that at corresponding positive bias, i.e.  .  The model 

OPE–Oc exhibits pronounced rectification ratio of 5 at 2.0 V. As a result, the electron 

flow is favored from the left side to the right side. In other words, the favorite 

direction is from the high coupling side to the weak coupling side, which is consistent 

with the demonstration of Taylor et al.
29

 The result reveals that the inserted barrier in 

molecule can induce asymmetric electron transport. This decoupling effect in the 

present study is quite different from the physical binding to electrodes at one end of 

molecule in previous study.
29

 The insertion of a tunneling barrier in molecule not only 

allows chemical bonding to the electrodes via thiol groups, but also leads to 

rectification. 

As an original description of the asymmetric electron transport, the calculated 

transmission spectra T(E,Vb) as a function of electron energy are plotted in Fig. 4a and 

b. The current is obtained by the Landauer–Büttiker formula I = ʃT(E,Vb)dE. The 

energy region which contributed to the current integral above, which we refer to as 

the bias window, is indicated as the gray region. The first transmission peak below the 

Fermi level Ef = 0 is the HOMO resonance, while the LUMO resonance is the first 

peak above Ef = 0. For OPE in Fig. 4a, we find that the metal Fermi level situates 

closer to the HOMO than the LUMO (LUMO located above 1.5 eV). The stronger the 

molecule–electrode coupling, the larger the mixing between the discrete molecular 

levels with the continuum metal electronic states. Strong coupling between the Au 

electrode and two ends of OPE leads to a broad transmission spectrum around the 

Fermi level.
40

 Therefore, a large conductance at zero bias is originated from the 

resonant tunneling of HOMO. 

From the logarithmic plot of transmission for OPE–Oc in Fig. 4b, it can be 

observed that the HOMO and LUMO resonance are all very weak, corresponding to T 

~ 10
-2

. Smaller tunneling channels open when the molecule–electrode coupling at one 

end is broken by the saturated bridge. Due to the tunneling barrier and weak 

transmission resonance, the conductance of OPE–Oc is much lower than that of OPE. 

In addition, all the LUMO resonances are out of the bias window (gray region) under 

both positive and negative bias. The negative bias (-2.0 V), which drives the HOMO 

resonance, enters the bias window and the transmission coefficient at Ef = 0 is then 

about 5 x 10
-3

. However, the HOMO resonance under positive bias is out of the 

energy region and transmission coefficient at Fermi level is less than 10
-4

. Therefore 

the negative current is larger than the positive one, resulting in obvious rectification. 

Another feature of the junction is the molecular projected self-consistent 

Hamiltonian (MPSH),
41

 which is the self-consistent Hamiltonian of the isolated 

molecule in the presence of Au electrode, namely, the molecular part extracted from 

the whole self-consistent Hamiltonian for the scattering region. Fig. 4c and d plot the 

dependence of molecular orbital energy levels upon applied bias for models OPE and 

OPE–Oc. The shadow regions denote the bias window in the transmission spectra. 

From Fig. 4c, we can observe that the HOMO energy level of OPE slightly increases 

with bias. Since the symmetric molecule–electrode coupling, the HOMO shows 

symmetric evolution at two sides and enters the bias window at 1.2 V. However, in 

Fig. 4d, the HOMO energy level of OPE–Oc asymmetrically responds to the bias, 

which is out of the bias window during the positive region and enters the bias window 

at -1.0 V. Therefore, the HOMO contributes to the current and is responsible for the 



asymmetric current of OPE–Oc. 

To summarize, the saturated ring efficiently blocks the electronic coupling in 

the linear system and serves as a tunneling barrier. The insertion of a tunneling barrier 

at one end of the linear molecule could induce asymmetric electron transport. Now, 

one question raised here is whether the barrier width affects the asymmetric electron 

transport? Note that the molecular proportion of OPE–Oc is 6.4. Therefore, we also 

studied other linear models with conjugated parts of shorter lengths (R = 1.1 and 3.7), 

for which almost symmetric I–V curves are observed (see ESI). To further gain insight 

into the influence of molecular proportion, we discussed the cyclic system as follows. 

3.2 The decoupling effect in the cyclic system 

Comparing with the linear conjugated molecules, the cyclic porphine has more 

electron transport pathways
23

 and is highly conductive due to the macro-π 

conjugation.
42

 The conductance at zero bias of porphine (73.8 μS) is 20 times that of 

OPE (3.4 µS). Importantly, the porphine has a lower band gap of 1.74 eV and short 

length of 7.61 Å, forming an instructive model of Por–Oc with a molecular proportion 

R = 2.9. Fig. 5a shows the I–V curves of the porphine system and the inset is the I–V 

curve of Por–Oc. For the models of Por and Por–Ph with zero bias conductance of 

73.8 and 44.5 μS, respectively, a good electronic coupling is established by the fully-

conjugated cyclic unit. Comparing with the pure porphine molecule,
43

 the introduction 

of the phenyl ring almost does not affect the conductance, though the electron 

scattering distance increases from 10.9 Å (Por) to 15.0 Å (Por–Ph). This result also 

indicates a strong coupling between porphine and phenyl group. However, the 

existence of the saturated bridge can impede the communication between the π-

electrons of the conjugated unit and the d-band of the metallic electrode. Due to this 

decoupling, the conductance at zero bias of Por–Oc (0.17 µS) is two orders of 

magnitude lower than that of the Por molecule. 

Fig. 5b shows the rectification ratio as a function of the applied bias. 

Obviously, the model Por does not show rectification, because it is symmetric and 

well-coupled to the electrodes. From the geometric observation, the model Por–Ph is 

found to be distorted due to the steric hindrance, therefore, the intramolecular 

coupling is not as good as that in the model Por. Consequently, only slight 

rectification ratio is observed. Similar behavior is found for the model Por–Oc as one-

side coupling between molecule and electrode is broken. As the bias is 0.4 V, 

molecular rectification can be observed for the Por–Oc molecule and the maximum 

rectification ratio reaches 1.7. However, the rectification direction reverses at 1.4 V 

for Por–Oc. Therefore, we can conclude that the small molecular proportion reduces 

the rectification. The slight rectification of Por–Oc is consistent with the linear 

models with R = 1.1 and 3.7 given in the ESI. 

To provide insight into the effect of molecular porportion, we further analyzed 

the transmission spectra of the three models, as shown in Fig. 6. Due to the well-

coupled structure of Por, the energy level of HOMO in the model Por is very close to 

the Fermi level (Fig. 6a), so that the HOMO resonance becomes the main contributor 

to the current. In the logarithmic plot of transmission of Por–Oc at zero bias (Fig. 6c), 

the HOMO located at -0.5 eV forms a broad resonance. When a small bias is applied, 

the bias window is too narrow to include the main transmission wave contributed by 

the LUMO resonance, but it may cover the part of HOMO transmission wave. Under 

this condition, the variations of both energy level transmission intensity are not 

significant to the asymmetric electron transport. As a result, slight rectification is 



observed at low bias. However, when the bias is above 1.4 V, the strong electric field 

drives either HOMO or LUMO or both of them to shift into the bias window, and can 

even greatly enhance the transmission probability at the positive bias. Consequently, 

the current at positive bias is larger than that at the corresponding negative bias, 

changing the rectification direction. In contrast to OPE–Oc, the small molecular 

proportion promotes the contribution of LUMO to the bias window at larger positive 

bias. As a result, the rectification direction reverses. Similar feature is also found in 

the model Por–Ph (Fig. 6b). In addition, the coupling also leads to the pinning of the 

HOMO position in Por–Ph, in spite of the applied bias. Obviously, this pinning effect 

makes the molecule lose its rectification ability. 

In fact the energy level of molecular orbitals also changes with the applied 

bias which makes the system deviates from the equilibrium state. To describe the 

energy levels of molecule itself, we analyzed the MPSH of molecular orbitals. Fig. 

6d–f show the relation between molecular orbital energy levels and bias. In the case 

of Por shown in Fig. 6d, when bias is applied, the orbital energy levels of Por are 

symmetric under positive and negative bias. Within the researched bias range (-2.0 V 

to 2.0 V), only the HOMO enters the bias window at 1.0 V. However, the orbital 

energy levels of Por–Ph and Por–Oc shift asymmetrically under positive and negative 

bias. 

The shift trends of LUMO and LUMO + 1 are very similar. For Por–Ph in Fig. 

6e, the HOMO enters into the bias window at 0.6 V under negative voltage. With 

increasing bias, the HOMO and LUMO of Por–Ph molecule also enter into the bias 

window at 1.2 and 1.6 V, respectively, under positive bias. This is responsible for the 

reverse of the rectification direction. A similar trend could be found in Fig. 6f: the 

HOMO of Por–Oc enters into the bias window at 0.6 V under negative bias, resulting 

in the weak rectification ratio of 1.7. As the bias increases, LUMO and LUMO + 1 of 

the Por–Oc molecule also enter into the bias window at 1.4 V, which gives rise to a 

reversal of the rectification direction. 

From the electron transport behavior, we can conclude that although there is 

no asymmetric substitution to the conjugated backbone, the molecular rectification is 

evidenced. However, the rectification also depends on the molecular proportion R. 

The small R not only reduces the rectification ratio, but also reverses the rectification 

direction at large bias. This behaviour is impossible to interpret using classical 

tunnelling theory.
44

 In the classical framework, the molecular bridge serves as the 

tunneling barrier. Despite of the shape of the barrier, the integral current should be 

symmetric, if the barrier meets the requirement of the WKB (Wentzel–Kramers–

Brillouin) approximation. To elucidate the molecular rectification in these systems, 

we plotted the PDOS and the spatial distribution of the frontier molecular orbital of 

the cyclic system (Fig. 7). In general, porphine makes a major contribution to 

bothHOMO and LUMO in all models. From Fig. 7a, it is clearly observed that the 

molecule Por is fully conjugated. For model Por–Ph (left panel in Fig. 7b), the 

conjugated part of phenyl group also contributes to the frontier molecular orbitals, and 

partial disconnection of the π-conjugation is caused from the distortion between two 

rings. This character becomes more obvious when the coupling at one side is 

completely broken as presented by the model Por–Oc. Because of its saturated nature 

(right panel in Fig. 7b), a remarkably localized HOMO and LUMO are observed for 

the Por–Oc molecule. Importantly, the HOMO only forms a weak resonance in PDOS 

for all the cyclic models. This characteristic is quite different from the linear OPE–Oc, 

in which the inserted ring leads to a sharp HOMO resonance peak. In other words, 

because of the low molecular proportion of Por–Oc, the inserted saturated ring only 



slightly modifies the intensity of HOMO resonance and the position of HOMO energy 

level. The static features also confirm the weakly asymmetric electron transport. The 

intuitive presentation of the orbital spatial distribution given in Fig. 7 is in good 

agreement with the quantitative result of the transmission spectrum. 

Further evidence for the characteristic of Por–Oc is provided by Fig. 8, which 

shows the potential drop along the Por–Oc junction and the electric charge of the Por–

Oc under the external electric field. The non-uniform potential drop is similar with 

OPE–Oc junction. The conjugated porphine ring greatly slows the gradient of 

potential drop, whereas the saturated ring slightly affects the potential. We also 

divided the molecule Por–Oc into 4 parts by dotted lines. From the relative electric 

charge of Por–Oc and Au–Por–Oc–Au in Fig. 8b and c, we can conclude that the 

porphine ring was easily polarized by the electrode comparing with saturated ring. For 

the Au–Por–Oc–Au, the relative electric charge of the porphine ring increases to 0.06 

e from the value of 0.007 e for the saturated ring at 1.5 V. The asymmetric 

polarization under external electric field of Por–Oc is responsible for the nonlinear 

potential drop and further supports the asymmetric electron transport. 

4. Conclusions 

In summary, we found that constructing a barrier by placing a 

saturated ring between the molecule and the electrode greatly 

affects the electron transport in a metal–molecule–metal junction, since the electron 

transport is limited by the injection of charge carriers over the molecule–metal 

interfaces. Breaking electronic coupling is an efficient way of realizing rectification, 

though it may impede the current flow to a certain extent. Additionally, rectification is 

not only determined by the barrier height, but also sensitive to the barrier width. 

Although the same saturated ring is used in all models, a slight rectification is 

observed in linear and cyclic systems with low molecular proportion. The non-

uniform potential drop induced by a tunneling barrier is responsible for the 

rectification. These results indicate that the coupling of organic molecules to metallic 

electrodes is required to be considered in the future design of molecular electronics. 
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List of Figures 

Scheme 1  (a) Schematic representation of the molecular junction. (b) The 

molecular structures of OPE system. Lc and Ls are the lengths of the 

conjugated and saturated parts, the molecular proportion is defined as 

R = Lc/Ls. For OPE–Oc, Lc = 16.68 Å , Ls = 2.61 Å , and R = 6.4. (c) 

The molecular structures of the porphine system: porphine (Por), 

porphine–benzene (Por–Ph) and porphine–octane (Por–Oc). For Por–

Oc, Lc = 7.61 Å , Ls = 2.65 Å and R = 2.9 

Figure. 1 The left panels show the calculated density of states (in arbitrary units) 

projected onto the molecular region (PDOS) of (a) OPE and (b) OPE–

Oc. The right panels give the HOMO and LUMO spatial distribution of  

two models. 

Figure. 2 (a) The potential drop along the OPE–Oc junction at 1.5 V. To evaluate 

the electric charge, we divided the OPE–Oc into 8 parts numbered 

below the image. (b) and (c) plot the electric charge per part relative to 

zero bias of free OPE–Oc and Au–OPE–Oc–Au junctions, respectively. 

Figure. 3 (a) Representative semilog plot of the current–voltage (I–V) curves of 

OPE and OPE–Oc. The inset shows a linear plot of the I–V curve for 

OPE–Oc. (b) The rectification ratio of the linear system as a function 

of bias. 

Figure. 4 Transmission spectra of (a) OPE and (b) OPE–Oc at typical bias. Fermi 

level of the electrode is set to zero in the transmission spectra. 

Molecular orbital energy levels near Au electrode Fermi level as a 

function of bias for (c) OPE and (d) OPE–Oc. 

Figure. 5 (a) I–V curves obtained by NEGF formalism of the Por, Por–Ph and 

Por–Oc junctions and the inset is the I–V curve of Por–Oc. (b) Voltage 

dependence of the rectification ratio of three models. 

Figure. 6 Transmission spectra of (a) Por, (b) Por–Ph, and (c) Por–Oc under 

various bias. The shadows denote the bias windows. Molecular orbital 

energy levels for the cyclic systems (d) Por, (e) Por–Ph, and (f) Por–Oc. 

The response of the molecular orbital energy levels to the applied bias 

is dependent on the molecules. 

Figure. 7 (a) Left panel is the calculated PDOS of Por and the right panel shows 

the HOMO and LUMO spatial distribution of Por. (b) The center panel 

shows the PDOS of Por–Ph and Por–Oc. The left and right panels show 

the spatial distribution of Por–Ph and Por–Oc. 

Figure. 8 (a) The potential drop of Por–Oc junction at 1.5 V. The Por–Oc 

molecule is divided into 4 parts. (b) and (c) plot the relative electric 

charge of per part of free Por–Oc and Au–Por–Oc–Au junction, 

respectively.  
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